Somatic cells can be converted into induced pluripotent stem cells (iPSCs) by forced expression of various combinations of transcription factors, but the molecular mechanisms of reprogramming are poorly understood. Specifically, evidence that the reprogramming process can take many distinct routes only begins to emerge. It is definitively established that p53 deficiency greatly enhances reprogramming, revealing p53's barrier function for induced pluripotency, but the role of its homologs p63 and p73 are unknown. Here we report that in stark contrast to p53, p73 has no role in reprogramming. However, p63 is an enabling (rather than a barrier) factor for Oct4, Sox2 and Klf4 (OSK) and Oct4 and Sox2 (OS), but not for Oct4 and Klf4 (OK) reprogramming of mouse embryonic fibroblasts. Specifically, p63 is essential during reprogramming for maximum efficiency, albeit not for the ability to reprogram per se, and is dispensable for maintaining stability and pluripotency of established iPSC colonies. DNp63, but not TAp63, is the principal isoform involved. Loss of p63 can affect reprogramming via several mechanisms such as reduced expression of mesenchymal-epithelial transition and pluripotency genes, hypoproliferation and loss of the most reprogrammable cell populations. During OSK and OS reprogramming, different mechanisms seem to be critical, such as regulation of epithelial and pluripotency genes in OSK reprogramming versus regulation of proliferation in OS reprogramming. Finally, our data reveal three different routes of reprogramming by OSK, OS or OK, based on their differential p63 requirements for iPSC efficiency and pluripotency marker expression. This supports the concept that many distinct routes of reprogramming exist.
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Reprogramming somatic cells into induced pluripotent stem cells (iPSCs) provides a powerful tool for the generation of autologous patient-specific cell therapies and for studying disease-specific stem cells. 1 Mouse and human iPSCs are typically produced via forced expression of various combinations of transcription factors, most often Oct4, Sox2, Klf4 and c-Myc (OSKM) or without c-Myc (OSK). [2] [3] [4] [5] Moreover, reprogramming by only two factors can be achieved, especially on less differentiated cells. [6] [7] [8] [9] [10] For mechanistic studies of reprogramming, mouse embryo fibroblasts (MEFs) are the most commonly used source of somatic cells. [10] [11] [12] [13] [14] [15] These studies showed that reprogramming is largely a stochastic process that relies on multiple independent epigenetic events. 12, 16, 17 Thus, individual cells convert into iPSCs with different latencies described by a Gaussian distribution. 10, 16, 17 Indeed, individual cells undergoing reprogramming show considerable variations in their gene expression patterns 12 and can concomitantly express mixed lineage-specific genes, indicating disrupted homeostasis. 10 Nonetheless, several studies also provided evidence for some deterministic steps, such as accelerated cell division and decreased cell size in all MEFs that become reprogrammed, 13 and mesenchymal-epithelial transition (MET). 11, 14, 15 Interestingly, both the stochastic process and MET are amenable to regulation, and one common factor capable of doing so is p53. p53 is a tumor-suppressor mutated in over half of human cancers. 18 It maintains genomic stability and induces cell cycle arrest, apoptosis or replicative senescence via transcription-dependent and -independent pathways. 19, 20 In addition, several studies have established that p53 is a potent barrier of reprogramming, which is not surprising given the mechanistic overlap between reprogramming and tumorigenesis. 13, [21] [22] [23] [24] [25] [26] [27] [28] [29] Thus, p53 deficiency by genetic knockout (KO) or chemical knockdown greatly enhances reprogramming efficiency, whereas p53 stabilization reduces it. p53 serves as reprogramming barrier by several different mechanisms. First, the superior reprogramming of p53-deficient cells is due to their enhanced proliferation. 13, 28 Second, p53 prevents reprogramming of cells that carry various types of DNA damage by activating apoptosis. 22 Finally, p53 can block the MET transcriptional program by inhibiting Klf4. 29 The p53 homologs p63 and p73 are major regulators of epithelial and neural development, respectively. p63 KO mice lack skin and epithelial appendages including teeth, hair follicles and mammary epithelium and so on, and have truncated or missing limbs due to apical ectodermal ridge defects. 30, 31 p73 KO mice exhibit defective embryonic and adult neurogenesis associated with hydrocephalus, cortical thinning and hippocampal dysgenesis. [32] [33] [34] Both p63 and p73 exist in multiple N-and C-terminal isoforms. Thus, full-length TAp63/TAp73, which carry the N-terminal transcriptional activation (TA) domain, can induce cell cycle arrest and apoptosis similar to p53, whereas the N-terminally truncated DNp63/DNp73 often act in a dominant-negative manner by inhibiting full-length family members, including p53. [35] [36] [37] p63 and p73 have been implicated in oncogenesis, [35] [36] [37] but their role in somatic reprogramming has barely been investigated. 34, 38 Here we show for the first time that DNp63 is a potent positive regulator of reprogramming. Moreover, we show that different three-and two-factor reprogramming pathways have different p63 dependencies, providing evidence that reprogramming can proceed via multiple distinct routes.
Results
p63 is essential for reprogramming by OSK and Oct4 and Sox2 (OS), but not by Oct4 and Klf4 (OK) factor combinations. To investigate a possible role of the p53 homologs p63 and p73 in reprogramming, we transduced wild-type (WT) and corresponding null MEFs from littermate embryos with OSK. Consistent with previous results, [21] [22] [23] [24] [25] [26] [27] [28] [29] p53 À / À MEFs were reprogrammed with much higher efficiency compared with WT MEFs, while p73 deficiency did not affect reprogramming or pluripotency of established iPSC colonies, as we recently reported 34 (Supplementary Figures 1A, C-F) . In striking contrast, reprogramming efficiency of p63 À / À MEFs was markedly reduced compared with WT controls (Figure 1a , Supplementary Figure 1B) . Thus, we set to investigate the precise role of p63 in reprogramming.
First, we followed the kinetics of OSK-induced conversion of WT and p63 À / À MEFs into iPSC-like colonies, as defined by morphological criteria (small cells forming highly compact round masses with shiny sharp borders). The iPSC nature of these colonies was confirmed by alkaline phosphatase (AP) and stage-specific embryonic antigen 1 (SSEA1) staining, teratoma assays and so on (see below). We found that reprogramming efficiency of p63 À / À MEFs was significantly decreased (Figure 1a) and, comparing nine different MEFs (from five independent pregnancies), was on average threefold lower than in WT controls (0.066 ± 0.061% versus 0.154±0.108%, P ¼ 0.02). In three additional embryo pairs, reprogramming efficiency of p63 À / À MEFs was even more drastically reduced, that is, 10-, 25-and 160-fold lower than in WT controls. Furthermore, when WT and p63 À / À colonies were stained for pluripotency markers AP and SSEA1, the reduction in reprogramming efficiency of p63 À / À MEFs was confirmed and averaged 2.5-fold and 9.1-fold, respectively, in three independent embryo pairs (Figures 1b and c) .
We recently showed that MEFs can be successfully reprogrammed into iPSCs using OS and OK two-factor combinations, albeit with lower efficiencies. 10 Thus, we tested if p63 deficiency would also affect two-factor reprogramming. Strikingly, in five experiments, p63 À / À MEFs were strongly defective in OS reprogramming, but appeared completely normal in OK reprogramming (Figures 1d-g ). These differences were not because of technical failures because: (i) WT and p63 À / À MEFs expressed similar levels of reprogramming factors at the mRNA and protein level (Figure 3e , Supplementary Figures 2A-C) ; (ii) WT and p63 À / À MEFs had similar transduction efficiencies, confirmed by parallel green fluorescent protein (GFP) transductions followed by fluorescence-activated cell sorting (FACS) analysis (90.4 ± 6.2% versus 88.5 ± 4.7% cells, n ¼ 8 and 10, P ¼ 0.45); (iii) in multiple individual OSK, OS and OK-derived WT and p63 À / À colonies we confirmed integration of the introduced factors, while excluding contamination by unintended ones (Supplementary Figure 3) . Altogether, these data indicate that p63 is essential for reprogramming with OSK and OS, but is dispensable for OK reprogramming. This strongly suggests that reprogramming with OK likely undertakes a different molecular route than reprogramming initiated by OSK and OS.
p63 is dispensable for stability and pluripotency of established iPSC colonies. To determine whether p63 is essential during the reprogramming process or for maintenance of established iPSC colonies in OSK and OS reprogramming, we first propagated individual primary p63 À / À iPSC colonies. This was readily achievable and no growth defects or loss of undifferentiated morphology was observed. Furthermore, p63 À / À iPSC colonies maintained their undifferentiated phenotype after passaging, confirmed by expression of MET and pluripotency markers. Thus, WT and corresponding p63 À / À OSK, OS and OK-derived iPSC colonies expressed similar levels of Cdh1, Occludin, EpCAM, Nanog, Sall4 and Sox2 by qRT-PCR and SSEA1 by FACS analysis (Figures 2a and b) . Moreover, exogenous reprogramming factors were silenced in both WT and p63 À / À iPSC colonies, as expected (Supplementary Figure 2D) .
We next asked if p63 deficiency affects pluripotency, that is, the ability of iPSCs to produce three germ layers by teratoma assays. We found that OSK, OS and OK-derived p63 À / À iPSCs produced derivatives of all three germ layers ( Figure 2c ). The most common tissues included neuroectoderm and mature brain tissue (ectoderm), smooth and striated muscle (mesoderm) and gastrointestinal glands (endoderm). In addition, p63 À / À iPSCs produced bronchial epithelium, intestinal crypts, exocrine pancreas (endoderm), adipocytes and cartilage (mesoderm) (Supplementary Figure 4) . However, a prominent difference from WT iPSCs was that none of seven p63 À / À iPSCs produced with OSK, OS and OK formed squamous epithelial 'pearls', consistent with the phenotype of p63 KO mice that completely lack epidermis and other squamous epithelia. 31 Taken together, these data indicate that p63 is largely dispensable for pluripotency and maintenance of iPSCs once they are established, but points to its essential role during the reprogramming process.
The p63 À / À OSK reprogramming defect is not because of decreased cell proliferation or upregulation of reprogramming barriers. It was shown that the efficiency of reprogramming depends on normal cell proliferation. 13, 28 Consistent with the reported hypoproliferation of p63 À / À keratinocytes, 39 we observed that p63 À / À MEFs proliferate slower than their WT counterparts (Figures 3a and c ). Thus, we tested whether improving proliferation of p63 À / À MEFs would restore their OSK reprogramming efficiency. To this end, we transduced p63 À / À and WT MEFs with SV40 large T antigen (LT), which enhanced and essentially equalized their proliferation (Figure 3a) . Importantly, however, LT failed to improve OSK reprogramming of p63 À / À MEFs ( Figure 3b ). Second, we made use of two independent p63 À / À MEF cultures that spontaneously immortalized in vitro (Figure 3c ). Despite excellent proliferation, their reprogramming efficiency was still significantly below that of WT MEFs and comparable to parental p63 À / À MEFs Altogether, these data establish that the reduced OSK reprogramming efficiency of p63 À / À MEFs is not caused by hypoproliferation. We previously reported that MEFs lacking the p63 homolog p73 exhibit a compensatory upregulation of p53, an established reprogramming barrier. [21] [22] [23] [24] [25] [26] [27] [28] [29] Thus, we asked whether p53 is also activated in p63 À / À MEFs. However, neither p53 protein nor its sensitive targets p21 and miR34a/b/c, also known reprogramming barriers, [40] [41] [42] [43] are upregulated in p63 À / À MEFs before and during OSK, OS and OK reprogramming (Figure 3e, Supplementary Figures 5D  and E) . Similarly, p53 shRNAs do not rescue their reprogramming efficiency (Figure 5g) . Moreover, the tumor suppressors p19-Arf and p16-Ink4A, which are known reprogramming barriers in mouse and human fibroblasts, 23, 24 were shown to partially mediate skin and limb defects of p63 À / À mice. 39 However, p19 and p16 are again unchanged in p63 À / À MEFs before and during reprogramming (Figure 3e) . Thus, the defective OSK and OS reprogramming of p63 À / À MEFs cannot be explained by upregulation of likely reprogramming barriers in this context. Reduction of MET and pluripotency genes in reprogramming of p63 À / À MEFs. As we narrowed the requirement for p63 in OSK and OS reprogramming to stages before fully established iPSC colonies and their maintenance, we next asked if transcriptional programs are changed in p63 À / À MEFs. It was proposed that MET is an early and necessary step in MEF reprogramming, followed by activation of core pluripotency genes.
11,14 Indeed, we found that expression of all analyzed MET and pluripotency genes was significantly reduced during OSK reprogramming of p63 À / À MEFs, including EpCAM, Ocln, Crb3, Nanog, Sall4 and Sox2 (Figure 4a, Supplementary Figure 6A) .
Furthermore, we previously showed that MET and pluripotency genes are also activated during two-factor reprogramming, albeit at much lower levels. 10 Thus, we tested their expression in OS and OK reprogramming. As predicted from normal OK reprogramming, marker expression was not reduced in p63 À / À MEFs (Supplementary Figure 6B) . However, in OS reprogramming expression of Ocln (MET) and Sall4 (pluripotency) was reduced in p63 À / À MEFs, whereas all other markers were normal (Figure 4b ). Moreover, we previously reported that lineage-specific genes are differentially upregulated during OS and OK reprogramming of WT MEFs. 10 Thus, we tested if OS-specific genes are affected in p63 À / À MEFs. We found that only one of four genes (Musculin) was reduced in p63 À / À MEFs, whereas the others were normal (Reelin, Sox21 and Sostdc1; Figure 4b ). Altogether, these data suggest that while p63 is critical for both efficient OSK and OS reprogramming, the underlying molecular mechanisms of p63 requirement are different. In OSK reprogramming, p63 appears to be a master regulator of the transcriptional network engaging MET and pluripotency genes. In contrast, the role of p63 in OS reprogramming does not seem to involve regulation of the majority of MET, pluripotency and lineage-specific genes, but rather may be related to proliferation (see below).
The lack of DNp63 is responsible for OSK and OS reprogramming defects. The two major p63 isoforms, TAp63 and DNp63, are transcribed from alternative promoters and have different functions. 44 Specifically, DNp63 is highly expressed in the basal layer of epidermis, largely drives keratinocyte differentiation in vivo and is proposed to be responsible for maintenance of epidermal progenitor/stem cells. [45] [46] [47] [48] Similarly, TAp63 is expressed in hair follicle bulge cells and dermal papillae cells (niches for epidermal and dermal stem cells, respectively) and is implicated in the maintenance of adult dermal and epidermal precursors. 49 Thus, both TAp63 and DNp63 could in principle be involved in reprogramming, given the stem cell-like nature of iPSCs. To test this, we first analyzed expression of TAp63 and DNp63 mRNAs during OSK reprogramming of WT MEFs by qRT-PCR. We found that expression of total p63 as well as TAp63 and DNp63 (but not p53 or p73) gradually increases during reprogramming (Figure 5a, Supplementary Figure 6C) . However, induction of TAp63 is nonspecific, as it also occurs in control GFP-transduced MEFs. In contrast, DNp63 is strongly upregulated by OSK but not by GFP viruses. These data strongly suggest that DNp63, but not TAp63, regulates reprogramming.
To directly test the hypothesis that DNp63 is essential for reprogramming, we made use of isoform-specific TAp63 À / À and DNp63 À / À MEFs. 48, 49 As predicted from mRNA expression patterns, TAp63 À / À MEFs were reprogrammed normally by OSK, OS and OK (Figure 5b ). In contrast, DNp63 À / À MEFs were strongly deficient in OSK and OS, but not in OK reprogramming, completely reproducing the phenotype of global p63 À / À MEFs (Figures 5c and d) . Furthermore, DNp63 À / À MEFs were hypoproliferative, whereas TAp63 À / À MEFs were not (Figure 5e and data not shown). Moreover, ectopic LT restored proliferation of DNp63 À / À MEFs, but did not restore their OSK reprogramming, and neither did shRNA-mediated knockdown of p53 (Figures 5e-g ).
Of note, DNp63 mRNA is much more strongly induced in OS than in OK reprogramming of WT MEFs, both in amplitude and in kinetics (Figure 5h) , providing a mechanistic explanation for why p63 is critical for OS, but not for OK reprogramming. Altogether, these data unequivocally establish that the lack of DNp63 isoform is responsible for the reduced OSK and OS reprogramming efficiency of global p63 À / À MEFs.
Despite several attempts, we could not rescue OSK reprogramming of p63 À / À MEFs by ectopic DNp63 expression (which was confirmed). This is most likely because of the fact that it is virtually impossible to mimic in vitro the proper timing and levels of DNp63 expression observed in vivo, both known to be crucial for physiologic activities of transcription factors in general.
Hypoproliferation may be responsible for defective OS reprogramming of p63 À / À MEFs. On occasion, some p63 À / À and DNp63 À / À MEFs showed normal OS reprogramming (two out of six global p63 À / À and one out of four DNp63 À / À MEF cultures from certain embryos). When we analyzed growth curves of these cultures, we found that their proliferation was largely normal (Figures 6a and b) . However, OSK reprogramming of these same MEFs was still defective (Figures 6a and b, right panels) . On the other hand, all p63 À / À and DNp63 À / À MEFs with defective OS reprogramming were also hypoproliferative (Figure 6c and data not shown). These correlations strongly suggest that during OS reprogramming, DNp63 is critical mostly to maintain cell proliferation.
DNp63 is essential for maintenance of the most reprogrammable MEF populations. We recently showed that WT MEFs are heterogeneous and can be FACS-sorted into distinct sub-populations based on the expression of two cell-surface molecules, Sca1 (labeling mesenchymal and epithelial progenitors) and Thy1.2 (labeling more differentiated lipo-and myo-fibroblasts), so that Thy1.2-negative populations (Sca1 single-positive, SP; and Thy1.2/Sca1 doublenegative, DN) had greatly increased OSK and especially OS and OK reprogramming efficiencies. 10 Thus, we tested the abundance of these most reprogrammable populations in p63 À / À and DNp63 À / À MEFs. We found that both global p63 À / À and DNp63 À / À MEFs progressively lose Sca1-SP and DN populations after passage 3 ( Figure 7 ). Of note, we routinely use passages 2-3 MEFs, suggesting that this loss of the most reprogrammable fractions in p63 À / À and DNp63 À / À MEFs occurs early during reprogramming and likely contributes to the low efficiency.
Interestingly, the rescue of cell proliferation by LT also restored the Sca1-SP and DN populations in DNp63 À / À MEFs ( Supplementary Figures 7A and B) . These exact MEFs also had the strongest (albeit incomplete) rescue of OSK reprogramming (Figure 5f ). In contrast, LT did not restore Sca1-SP and DN fractions nor did it restore OSK reprogramming in global p63 À / À MEFs (Supplementary Figures 7C-E) . This correlation suggests that progressive loss of highly reprogrammable Sca1-SP and DN populations is an additional mechanism underlying the reprogramming defects of p63 À / À and DNp63 À / À MEFs.
Discussion
Since 2008, a plethora of studies has identified the tumorsuppressor p53 as a strong reprogramming barrier. However, whether and how p53 homologs p63 and p73 can regulate reprogramming was unknown. Using a loss-of-function approach, we show here and in a previous report 34 that p73 À / À MEFs reprogram normally and are fully pluripotent, indicating that p73 has no role in reprogramming. On the other hand, forced DNp73 overexpression was found to significantly improve speed and efficiency of reprogramming of human fibroblasts. 39 As DNp73 is a well-known dominant-negative p53 family member, 32, 50 its positive effect on reprogramming is most likely mediated by antagonizing p53 activity. This, however, was not directly tested.
In contrast to DNp73 overexpression or loss of p53, we show here that p63 is a promoter rather than a barrier of reprogramming. The major conclusions from our study are: (1) p63 is essential for OSK and OS, but not for OK reprogramming of MEFs, (2) p63 is essential during reprogramming for maximum efficiency, albeit not for the ability to reprogram per se, and is dispensable for maintaining stability and pluripotency of established iPSC colonies, (3) DNp63, but not TAp63, is the principal isoform involved in reprogramming, (4) during OSK and OS reprogramming, different p63-mediated mechanisms are critical, that is the regulation of MET and pluripotency genes in OSK reprogramming versus regulation of proliferation in OS reprogramming, (5) p63/DNp63 deficiency also causes loss of the most reprogrammable MEF sub-populations. Finally, our data suggest that different combinations of transcription factors initiate distinct routes of reprogramming, which supports the stochastic model of reprogramming. Altogether, (i) the differential effect of OSK/OS versus OK factors; (ii) the complete reproducibility of the p63 À / À effects by isoformspecific DNp63 À / À MEFs; and (iii) the high reproducibility of results in multiple independent experiments with MEFs derived from many independent pregnancies, implies a specific enabling role of DNp63 in reprogramming.
The finding that p63 regulates OSK and OS reprogramming by different mechanisms is intriguing. The most logical explanation is that these different factor combinations induce iPSCs via distinct molecular routes/intermittent cell types, each having a differential requirement for p63. Indeed, all tested MET and pluripotency genes were reduced in p63 À / À cells in OSK reprogramming, but only a few were reduced in OS reprogramming. This is consistent with the observation that even WT MEFs activate epithelial genes much weaker in OS versus OSK reprogramming, and instead activate neural and mesenchymal genes. 10 It is likely that these neural and mesenchymal precursors do not require p63 for maintenance of their cell identity. In contrast, OSK reprogramming upregulates epithelial genes and therefore requires p63 as a known epithelial master regulator. 39, [44] [45] [46] [47] [48] Of note, we found that p63/DNp63 À / À MEFs are also strongly impaired in OSKM reprogramming, a factor combination also known to induce MET 11, 14 (Supplementary Figure 8) . It remains to be identified which specific p63 transcriptional targets are involved in MET and reprogramming in general, and how they differ from those that mediate p63 function in epithelial development. Also, it will be interesting to see whether p63 also regulates reprogramming by other commonly used factor combinations, for example, those containing LIN28 and Nanog.
In contrast to OSK, OS reprogramming is sensitive to hypoproliferation of p63 À / À MEFs. This is not surprising, given the essential role of cell proliferation in reprogramming 13, 28 and the known regulation of proliferation by p63. 31, 45 The reason why OSK reprogramming cannot be rescued by improving proliferation is likely due to defective downstream events such as MET and pluripotency gene activation.
In stark contrast to OSK and OS, OK reprogramming of p63 À / À MEFs is normal. A number of reasons may explain this. First, as the principal isoform, DNp63, is upregulated much stronger during OSK and OS than during OK reprogramming, it suggests that the OK combination does not invoke molecular pathways/intermittent cell types that absolutely require DNp63. Second, similarly to OS, the MET program is only weakly activated in OK reprogramming. 10 Third, although OS and OSK infections visibly enhance proliferation, OK infections generally do not, independent of the genotype (data not shown). Thus, the reduced proliferation capacity of p63 À / À MEFs is irrelevant in OK reprogramming. Finally, p63/DNp63 À / À MEFs progressively lose the most reprogrammable cell populations. Interestingly, we noticed that OK and OS reprogramming of sorted WT MEFs differs in that the OK efficiency is highest in the DN population, whereas the OS efficiency is highest in the Sca1-SP population (AN, unpublished data). As the Sca1-SP population (best reprogrammable by OS) is lost There is a known antagonistic interplay between p63 and Klf4, another master regulator of the epidermis 51, 52 and a reprogramming factor. In skin, DNp63 and Klf4 are expressed in opposite compartments in the basal and superficial layers of the epidermis, respectively, likely because p63 directly binds to the Klf4 promoter and represses it. 53, 54 Thus, p63 À / À MEFs might in fact be expected to have increased levels and/ or activity of endogenous Klf4, and as a result enhanced OK reprogramming efficiency because of additive effects of endogenous and exogenous Klf4. Indeed, we found that two out of four MET markers were upregulated in p63 À / À MEFs during OK reprogramming. Also, the OK reprogramming efficiency of p63/DNp63 À / À MEFs was in fact above the WT controls in two out of five experiments (data not shown). However, this positive effect might be counterbalanced by the loss of the most reprogrammable MEF populations, resulting in an overall unchanged reprogramming efficiency.
Materials and Methods
Mice and cell culture. This study was approved by the Institutional Animal Care and Use Committee at Stony Brook University. Heterozygous p63 þ / À ,
31
DNp63 þ / À , 48 TAp63 þ / À , 49 p53 þ / À 55 and p73 þ / À 32 mice were intercrossed within the genotype to obtain littermate KO and corresponding WT control embryos. MEFs were derived from E13.5 embryos using standard procedures and cultured in DMEM supplemented with 10% FBS, 1 Â penicillin/ streptomycin and 1 Â antibiotic/antimycotic (Gibco, Grand Island, NY, USA) on 0.1% gelatin-coated tissue culture plates (Millipore, Billerica, MA, USA). iPSCs were maintained in iPSC medium consisting of DMEM/F12 supplemented with 10% KO serum replacement (KSR, Invitrogen, Grand Island, NY, USA), 1 Â nonessential amino acids, 1 Â L-glutamine, 1 Â penicillin/streptomycin, 55 mM b-mercaptoethanol (Invitrogen) and 1000 m/ml mouse leukemia inhibitory factor (LIF, Millipore or eBioscience, San Diego, CA, USA).
Generation of iPSCs. iPSCs were generated, as described elsewhere. 56 Briefly, human Klf4, Oct4 and Sox2 in the retroviral vector Rebna were transfected into packaging Phoenix E cells using Lipofectamine reagent (Invitrogen; either two or three at once at equal amounts or separately, in which case viral supernatants were mixed just before use). After 24 h, transfected Phoenix E cells were selected with 2 mg/ml puromycin for 2-3 days and then switched to MEF media. After 12 h, viral supernatants were collected approximately every 12 h until cultures became overgrown, followed by 1 : 6-1 : 10 splitting and another round of puromycin selection. Passages 2-3 MEFs from littermate embryos were plated in 6 cm plates at 250 000 cells per plate for OSK reprogramming or 350 000 cells per plate for OS and OK reprogramming (for OSK reprogramming, 150 000 MEFs in six-well plates were also often used) and infected with fresh or once frozen 45 mm-filtered viral supernatants five times approximately every 12 h (LT-expressing MEFs were plated at 150 000 per 6 cm plate). At 24 h after the last infection, cells were switched to iPSC medium. Stable undifferentiated iPSC colonies were manually picked at 14-21 days post infection (d.p.i.) and expanded on feeder cells (irradiated mouse embryo fibroblasts, GlobalStem, Rockville, MD, USA).
AP and SSEA1 staining. AP staining was routinely done at the last time point of each experiment (i.e., before cell cultures became overgrown or when very few new colonies appeared), by fixing the culture with 4% PFA for 7 min at room temperature, followed by three PBS washes (including one overnight wash at 4 1C) and staining with Alkaline Phosphatase Detection Kit (Millipore) according to the manufacturer's instructions. For SSEA1 immunostaining, iPSCs induced with OSK from 40 000 MEFs in 24-well plates were fixed with 4% paraformaldehyde for 30 min at room temperature, washed twice with PBS and blocked/permeabilized in PBS with 5% heat-inactivated horse serum, 1% BSA and 0.2% Triton-X-100 for 20 min at room temperature, followed by overnight incubation at 4 1C with mouse PE-conjugated SSEA1 antibody (eBioscience, 1 : 100) in the same blocking/permeabilization solution. Fluorescence images were acquired at 10 Â magnification using an Axiovert 200 M microscope (Zeiss, Thornwood, NY, USA) and AxioVision Software (Zeiss).
Quantitative real-time PCR. Total RNA was extracted using Trizol reagent (Invitrogen), and cDNA was prepared with Super Script II reverse transcriptase (Invitrogen). Real-time PCR was performed using the QuantiTect SYBR Green PCR kit (Qiagen, Valencia, CA, USA) on an Opticon 2 instrument (MJ Research Inc., Watertown, MA, USA) and analyzed with Opticon Monitor software. Samples were analyzed in duplicates and normalized to HPRT. Figure 6A) , which prevented growth of actual iPSC colonies. Although reprogramming in the presence of LIF represents the normal process, it is avoided in RT-PCR reactions, because it leads to artificial amplification of the genes specifically expressed in iPSC colonies, because of their superior proliferation comparing with the rest of the cells. 13 FACS analysis and teratoma assay. For FACS analysis, iPSC colonies were harvested by Accutase treatment (Sigma, St. Louis, MO, USA) and depleted of feeder cells by a 30-min incubation on gelatin-coated plates, while MEFs were harvested by 0.05% Trypsin. The following conjugated antibodies were used for FACS analysis of live cells: PE-SSEA1, APC-Sca1 (both from eBioscience) and PE-Thy1.2 (BD Biosciences, San Jose, CA, USA). Analysis was performed on FACS Calibur instrument (Becton-Dickinson, Franklin Lakes, NJ, USA) using CellQuest software (BD Biosciences). For teratoma assay, iPSCs were resuspended in PBS/Matrigel 3 : 1 (Invitrogen) and subcutaneously injected into the flanks of CD1 athymic nude mice (Harlan, Frederick, MD, USA) at 2 Â 10 6 iPSCs in 100 ml per site. When tumors reached 1 cm 3 in size (at 4-7 weeks), they were harvested and processed for histology.
Generation of stable SV40 LT-expressing MEFs and p53 shRNAs. pBABE-LT vector (Addgene, Cambridge, MA, USA) was transfected into packaging Phoenix E cells using Lipofectamine. After 12 h, 400 000 MEFs (passages 2-3) from littermate embryos were plated in 6 cm plates and infected with fresh 45 mm-filtered viral supernatant five times approximately every 12 h, followed by incubation in MEF medium for 4 days and 2-3 rounds of puromycin selection of stably transfected MEFs afterward. p53 shRNA #1 was from Addgene (cat. no. 19751) and #2 was previously described. 58 Immunoblot and growth curve analyses. Immunoblot analysis was carried out by standard methods using the following primary antibodies: p21 (F-5, Santa Cruz, Dallas, TX, USA), p19-Arf (ab80-100, Abcam, Cambridge, MA, USA), p16-Ink4A (M-156, Santa Cruz), MAPK (1B3B9, Millipore), Klf4 (ab34814, Abcam), Oct4 (ab19857, Abcam) and Sox2 (AB5603, Millipore). For growth curve analysis, 300 000 MEFs were plated in six-well plates and counted/re-plated every 3 days.
Conflict of Interest
The authors declare no conflict of interest.
